Autism spectrum disorder (ASD) is characterized by atypical brain network organization, but findings have been inconsistent. While methodological and maturational factors have been considered, the network specificity of connectivity abnormalities remains incompletely understood. We investigated intrinsic functional connectivity (iFC) for four "core" functional networksdefault-mode (DMN), salience (SN), and left (lECN) and right executive control (rECN). Resting-state functional MRI data from 75 children and adolescents (37 ASD, 38 typically developing [TD]) were included. Functional connectivity within and between networks was analyzed for regions of interest (ROIs) and whole brain, compared between groups, and correlated with behavioral scores. ROI analyses showed overconnectivity (ASD > TD), especially between DMN and ECN. Whole-brain results were mixed. While predominant overconnectivity was found for DMN (posterior cingulate seed) and rECN (right inferior parietal seed), predominant underconnectivity was found for SN (right anterior insula seed) and lECN (left inferior parietal seed). In the ASD group, reduced SN integrity was associated with sensory and sociocommunicative symptoms. In conclusion, atypical connectivity in ASD is network-specific, ranging from extensive overconnectivity (DMN, rECN) to extensive underconnectivity (SN, lECN) . Links between iFC and behavior differed between groups. Core symptomatology in the ASD group was predominantly related to connectivity within the salience network.
Introduction
Intrinsic connectivity networks (ICNs) are based on the coupling of spontaneous low-frequency blood oxygen level-dependent (BOLD) signal oscillations in the functional MRI signal between spatially discrete regions (Biswal et al. 1995; Beckmann et al. 2005; Fox and Raichle 2007; Damoiseaux and Greicius 2009 ). ICNs emerge reliably across participants and scans (Calhoun et al. 2008; Shehzad et al. 2009 ) and are consistent with structural connectivity (Honey et al. 2007 ). In development, excitatory and inhibitory functioning largely regulate network sculpting (Wang and Kriegstein 2009) , giving rise to two organizing principles: functional integration (high connectivity within networks) and functional segregation (mostly low connectivity between networks) (Friston 2002 ).
Disruption of network-level intrinsic functional connectivity (iFC) is associated with neurocognitive deficits, including symptomatology in autism spectrum disorders (ASD) (Wass 2011; Vissers et al. 2012) . ICNs supporting social, emotional, and language function have been found impaired in ASD, with reports of reduced connectivity within networks (Dinstein et al. 2011; Abrams et al. 2013; von dem Hagen et al. 2013) . Across networks, overconnectivity has been found between Theory of Mind (ToM) and mirror neuron systems (Fishman et al. 2014 ) and between default mode and anteromedial temporal regions , potentially reflecting poor network segregation (Rudie et al. 2012) . A recent study contrasting task-evoked connectivity and resting-state iFC found reduced discriminability between the two conditions in ASD, associated with restricted and repetitive behaviors (Uddin et al. 2014) . Overall however, no consensus as to overarching principles of functional connectivity abnormalities in ASD has been reached. Inconsistencies have been attributed to developmental factors , methodology (Nair et al. 2014 ), or regional specificity . Given the breadth of functional domains affected in ASD (Müller 2007 ), a parsimonious model for synthesizing results has been proposed. The triple-network approach examines "core" brain networks supporting cognitive, perceptual, affective, and social functions, including the salience (SN), default-mode (DMN), and executive control networks (ECN) thought to be abnormally organized in many psychiatric disorders including ASD (Menon 2011) . The current study presents a comprehensive investigation of these networks.
The SN, with nodes in bilateral anterior insulae and dorsal anterior cingulate cortex, is thought to link neocortical processing networks with limbic and autonomic systems related to homeostatic, emotional, and visceral functions (Dosenbach et al. 2007; Seeley et al. 2007 ). It maintains dense and dynamically variable connectivity with many brain regions (Chang and Glover 2010) and heavily modulates both task-positive and task-negative networks (Sridharan et al. 2008) . The SN may thus have a pivotal function in modulating cognitive state (Dosenbach et al. 2007; Seeley et al. 2007 ) and any compromise may lead to behavioral impairment (Greicius 2008; . Decreased activation of SN regions has been shown in ASD during inhibition tasks (Kana et al. 2007; Agam et al. 2010 ) and during a skin conductance response (Eilam-Stock et al. 2014 ) possibly reflecting altered autonomic functioning. Furthermore, decreased connectivity has been found within this network (Kana et al. 2007; Ebisch et al. 2011 ) and between SN nodes and the amygdala (von dem Hagen et al. 2013 ). However, SN hyperconnectivity has also been reported for children with ASD aged 7-12 years ).
The DMN, or "task-negative" network, is a spatially expansive (Hagmann et al. 2008) system that is relatively inactive during overt task performance. This deactivation is diminished in ASD (Kennedy and Courchesne 2008) , particularly during perceptually demanding tasks (Esposito et al. 2006; Ohta et al. 2012) . Functional connectivity MRI (fcMRI) studies have shown underconnectivity between posterior and frontal DMN regions in adults and adolescents, associated with social deficits (Monk et al. 2009; Assaf et al. 2010; Weng et al. 2010; von dem Hagen et al. 2013) . Findings from younger cohorts, however, have shown DMN overconnectivity , correlated with symptom severity . The participation of multiple DMN regions in one or more subnetworks (Buckner et al. 2009; Smith et al. 2012 ) may be responsible for divergent findings and nuanced group differences. Dysregulated DMN connectivity may relate to behavioral deficits and concurrent abnormalities in networks supporting externally directed awareness, including attention, salience orienting, affective, visual, and sensorimotor networks (Greicius et al. 2003; Fox et al. 2005) .
The executive control network is functionally related with, but separate from the SN (Seeley et al. 2007 ) and facilitates higher cognitive processes including working memory, set shifting, and inhibition, considered impaired in ASD (Hill 2004; Keehn et al. 2013) . During inhibition tasks, the ECN in ASD has been shown to have decreased within-network connectivity (Kana et al. 2007; Solomon et al. 2013) , rely more heavily on parietal than frontal subregions (Kana et al. 2013) , and recruit atypical brain regions (Solomon et al. 2013) . ECN underconnectivity in ASD has been linked to impaired attention (Solomon et al. 2009 ). While ECN and SN are only weakly correlated with each other, they are both anticorrelated with DMN in TD adults (Seeley et al. 2007 ). Such anticorrelation between task-positive ECN and tasknegative DMN in TD has been found reduced in ASD (Rudie et al. 2012) , being a potentially informative classifying feature of the disorder (Anderson et al. 2011 ).
The present study examined resting-state iFC within and between SN, DMN, and bilateral ECNs. We hypothesized reduced within-network connectivity in ASD for all four networks. Conversely, given the anticorrelations between the DMN and ECN in typical populations, we expected increased connectivity between these regions in ASD reflecting greater network "crosstalk." Finally, the SN, as a potential modulator of network organization, was expected to show more iFC correlations with diagnostic and behavioral symptoms than DMN and ECNs. Any iFC anomalies of SN were expected to have specifically heavy impact on behavioral and diagnostic scores, since the SN is a modulator of other networks (including DMN and ECNs) and its anomalous connectivity would therefore broadly affect functional network organization. Most previous functional connectivity studies on ASD have either focused on single regions or networks of interest on the one hand, or have described global connectivity features (e.g., using graph theory). The present study provides a comprehensive view (examining four networks considered to play major roles in cognition), but with focus on the specificity of each network, applying identical analysis pipelines in a single cohort for a comparative investigation.
Materials and Methods

Participants
Forty-five children with ASD and 41 TD children participated in the study. Eight ASD and 3 TD participants were excluded from analysis due to excessive head motion (see below), resulting in a final sample of 37 ASD and 38 TD participants (Table 1) . Groups were matched for age, sex, handedness, verbal IQ, nonverbal IQ, and head motion. Autism diagnoses were made using the Autism Diagnostic Observation Schedule (Lord et al. 2000) , the Autism Diagnostic Interview-Revised (Lord et al. 1994) , and expert clinical judgment according to the DSM-IV-TR (American Psychiatric Association 2000) (Supplementary Table 1 ). Due to the high level of cooperation required for MRI scanning, only participants with full-scale IQ ≥70 could be included. Medical history was obtained through caregiver report both during initial telephone screening and during formal in-person interview. Participants with medical or neurological conditions, such as Fragile-X syndrome, tuberous sclerosis, epilepsy, and Tourette's syndrome, were excluded. However, participants with ASD who presented with common psychiatric co-morbidities, such as attention-deficit (hyperactivity) disorder (n = 4), anxiety disorder (n = 5), and obsessive-compulsive disorder (n = 1), were not excluded given the prevalence of these disorders in ASD populations (Simonoff et al. 2008 
Data Acquisition
Imaging data were acquired on a GE 3T MR750 scanner with an 8-channel head coil. Head movement was minimized with foam pillows around participants' heads. High-resolution structural images were acquired with a standard fast spoiled gradient echo T 1 -weighted sequence (repetition time: 11.08 ms; echo time: 4.3 ms; flip angle: 45°; field of view: 256 mm; 256 × 256 matrix; 180 slices; 1 mm 3 resolution). Functional T 2 *-weighted images were obtained using a single-shot gradient-recalled, echo-planar pulse sequence. A 6:10 min resting-state scan was acquired consisting of 185 whole-brain volumes (repetition time: 2000 ms; echo time: 30 ms; 3.4 mm isotropic resolution). Cognitive assessments were obtained using the Wechsler Abbreviated Scale of Intelligence (Wechsler 1999) , and Clinical Evaluation of Language Fundamentals (Semel et al. 2003) . Additional behavioral data were acquired through caregiver-report using the Caregiver Sensory Profile ( 
fMRI Data Preprocessing
Data were preprocessed and analyzed using the Analysis of Functional Neuroimaging suite (AFNI; Cox 1996) . The first 5 time points were discarded to allow for T 1 equilibration. The remaining 180 time points were motion, slice-time, and field-map corrected. Functional data were aligned to anatomical images, resampled to 3.0-mm isotropic voxels, and warped to the standard MNI152 template in a single transformation step. Data were spatially blurred to a full-width at half-maximum of 6 mm and band-pass filtered using a second-order Butterworth filter (0.008 < f < 0.08 Hz) (Power et al. 2012; Satterthwaite et al. 2012 ) to isolate frequencies predominated by spontaneous functional correlations (Cordes et al. 2001; Fox and Raichle. 2007) . Average time series from trimmed white matter and ventricular compartments (from Freesurfer segmentation) as well as their derivatives were regressed from the data. All nuisance regressors (including motion regressors described below) were band-pass filtered using the same procedures as for BOLD time series (Hallquist et al. 2013 ).
Head Motion and Global Signal
Given evidence that even micromotion (<1 mm) impacts BOLD correlations (Power et al. 2012; Van Dijk et al. 2012 ) and the ongoing debate about global signal regression (GSR) (Saad et al. 2012; Power et al. 2014) , multiple steps were taken to minimize noise. Motion regressors, including 6 rigid-body motion parameters and their derivatives, were removed from the time series. Time points with excessive head motion (root sum of squares ≥0.5 mm) were censored, including one time point immediately preceding and following motion. Any time point that did not belong to a series of at least 10 consecutive time points remaining after censoring was discarded. Ten participants with <80% surviving time points were excluded from the analysis. The final Values shown: mean (SD), range. Significance value, P, for group matching in χ sample (N = 75) showed no group differences for any of the 6 motion regressors (P values for x, y, z, roll, pitch, and yaw being: 0. 67, 0.82, 0.30, 0.46, 0.45, and 0.41, respectively) or the root mean squared deviation (RMSD; P = 0.87) when comparing full-length time series (i.e., prior to time point censoring). As additional precaution, RMSD was entered as a covariate in group-level analyses for any significantly correlated measure. Finally, additional analyses were performed for a low-motion subsample (with censoring at ≥0.25 mm and same exclusionary criteria as described above) of 32 ASD and 33 TD participants (Table 1) , with and without GSR.
Regions of Interest in Default-Mode, Salience, and Executive Control Networks
Coordinates from previous studies were used to identify primary seeds within each network: posterior cingulate cortex (PCC; Talairach coordinates: x = −5, y = −49, z = 40) (Weng et al. 2010 ) for the DMN, right anterior insula (rAI; Talairach: x = 36, y = 16, z = 2) (Ebisch et al. 2011) for the SN, right (rIPL), and left inferior parietal lobules (lIPL) (rIPL; MNI: x = 51, y = −47, z = 42; lIPL; MNI: x = −51, y = −51, z = 36) (Dosenbach et al. 2007 ) for the ECN. IPL was selected because its location coincided most closely with the strongest bilateral cluster of negative correlation with the PCC seed observed in our TD group, consistent with the concept of anticorrelated task-negative (DMN) and task-positive networks (ECN) (Fox et al. 2005; ). Additional nodes (regions of interest [ROIs]) for each network were derived using the primary seeds listed above and a datadriven approach (based on Chang and Glover. 2010), given lack of consensus in the literature about precise location and individual variability expected in developing and atypical populations. Following whole-brain connectivity analyses of primary seeds for each network, standardized connectivity maps were entered into one-sample t-tests for both groups pooled together. Connectivity maps were cluster-corrected and thresholds were lifted to identify regions of maximum connectivity (∼40 voxels) with respective network hubs ( Supplementary Fig. 1 ). These were used as search masks. For the DMN, search masks were identified in medial prefrontal cortex (mPFC) and bilateral angular gyri (lAng, rAng); for the SN, in left anterior insula (lAI) and dorsal anterior cingulate cortex (dACC); for rECN, in right dorsolateral prefrontal cortex (rDLPFC) and right ventrolateral prefrontal cortex (rVLPFC); and for lECN, in left dorsolateral prefrontal cortex (lDLPFC) and left ventrolateral prefrontal cortex (lVLPFC). Within each search mask, the peak connectivity (for the respective primary network seed) was identified in each participant, and a 6-mm sphere around the peak was used as a subject-specific ROI.
Data Analysis
Average time series were extracted from each ROI in each participant and correlated with every other voxel in the brain. Correlation coefficients were standardized using Fisher's r-z transform and entered into one-and two-sample t-tests, with cluster correction at P < 0.05 (Forman et al. 1995) . Network time series were calculated by averaging across all voxels in all ROIs of a given network. Correlations were computed for all ROI and all network pairings, resulting in a 13 × 13 ROI matrix and a 4 × 4 network matrix (Fig. 1A,C, respectively) . A summary "within-network connectivity index" was derived by averaging the z′ values (from Fisher transformation) for all ROI pairings within a network, separately for DMN, SN, and ECNs. Two-sample t-tests were performed for ROI pairs, network pairs, and within-network connectivity indices to detect potential group differences. Connectivity z′ values were compared with diagnostic and behavioral measures (Supplementary Table 1 ), using Pearson's correlation.
Results
Network and ROI Connectivity
Several pairings between DMN regions and rECN regions showed overconnectivity in the ASD group. Specifically, overconnectivity was found for the PCC with rVLPFC and rIPL, for the mPFC with the rVLPFC, for the lAng with the rDLPFC and rIPL, for the right VLPFC with the left VLPFC (Supplementary Table 2 for statistics). However, after correcting for multiple comparisons using false discovery rate (FDR), only overconnectivity for PCC-rVLPFC remained significant (Fig. 1A) . Pairings between the networks showed significant overconnectivity in ASD for DMN-rECN (Fig. 1C) . No significant group differences were found for within-network connectivity indices.
Whole-Brain Connectivity Analysis
Whole-brain analyses for network seed regions in PCC, rAI, rIPL, and lIPL showed expected connectivity with other regions of respective networks in both groups ( Fig. 1E-H) . Between-group findings, however, revealed overconnectivity in the ASD group for PCC with numerous regions in frontal, parietal, and occipital lobes bilaterally, accompanied by underconnectivity in right medial frontal cortex ( Fig. 1E ; cluster listings in Supplementary  Table 3 ). For rIPL, overconnectivity was seen in left premotor cortex and bilateral precuneus, accompanied by small underconnectivity clusters in right parieto-occipital regions, including primary visual cortex (Fig. 1G) . Extensive underconnectivity in the ASD group was found for the rAI seed with anterior temporal and dorsolateral prefrontal regions bilaterally and left posterior superior temporal sulcus (Fig. 1F) , and for the lIPL seed with bilateral dorsal cingulate cortex and right superior temporal regions extending into the insula (Fig. 1H ).
Low-Motion and GSR Analyses
For the low-motion subsample (with censoring at ≥0.25 mm, but no GSR; Table 1), we found a similar pattern of overconnectivity in the ASD group between DMN and bilateral ECN regions (Fig. 1B,D) . Despite reduced power in the subsample, the effects were more robust, reaching FDR-corrected significance between several DMN regions and rDLPFC, rVLPFC, and lIPL (Fig. 1B) . At the network level, rECN was found overconnected with DMN and lECN in the ASD group (Fig. 1D) . After partialling out the global signal and its derivative at the 0.25 mm censoring threshold, findings at the network level were identical, whereas those for ROI pairs were similar, but overall weaker (Supplementary Fig. 2) .
In whole-brain analyses for the low-motion subsample (without GSR), connectivity results were consistent with the full-sample analysis ( Supplementary Fig. 3A) , with additional overconnectivity effects for rAI in right parietal, and left orbitofrontal and posterior thalamic regions, and for lIPL in right orbitofrontal cortex and supplementary motor area. Inclusion of GSR resulted in an overall similar pattern, but with additional underconnectivity clusters in midcingulate regions for the PCC seed, in PCC for rAI, and in pericalcarine visual cortex for rIPL ( Supplementary Fig. 3B ).
Demographic Variables
Effects of demographic variables on network connectivity measures were tested and partialled out if significant (P < 0.05). For age, a negative linear correlation was found with DMN-lECN connectivity in the ASD group (r = −0.42, P = 0.010), but not the TD group (r = 0.20, P = 0.24), with a significant group by age interaction (t = 2.46, P = 0.017; Fig. 2A ). Age was marginally correlated with SN-lECN connectivity in the ASD group (r = 0.32 P = 0.052), with a quadratic effect in the TD group (t = 2.52 and between-group difference (bottom) for primary seeds of (E) default mode network, (F) salience network, as well as (G) right and (H) left executive control networks (all clusters P < 0.05, cluster-corrected). http://cercor.oxfordjournals.org/ P = 0.013), and a group by age interaction (t = 2.52 P = 0.014). Additionally, a quadratic age effect was also found for SN-rECN connectivity in the TD group (t = 2.90 P = 0.006), with no group by age interaction.
Handedness significantly affected DMN-SN connectivity in the ASD group (t = 2.18, P = 0.036), and SN-rECN (t = 2.08, P = 0.045) and lECN-rECN connectivity (t = 4.09, P < 0.001) in the TD group, with right-handedness predicting greater iFC. Furthermore in the ASD group, positive correlations were found for full-scale IQ with SN-rECN connectivity (r = 0.38, P = 0.027), for verbal IQ with SN-lECN connectivity (r = 0.36, P = 0.036), and for RMSD with DMN-lECN connectivity (r = 0.40, P = 0.016). In the TD group, full-scale IQ was positively correlated with SN connectivity (r = 0.36, P = 0.027). Significant variables, as well as motion (RMSD), were partialled out in behavioral analyses reported in the following section.
Behavioral Correlations
Pearson's correlations were run separately for each group and corrected using FDR (Supplementary Table 4-5). In the ASD group, reduced SN within-network connectivity was associated with more symptoms on SRS Total (Fig. 2B) and Mannerisms scores and on SP Sensory Avoidance scores (Fig. 2C ). Higher DMN withinnetwork connectivity was associated with more executive impairment on the BRIEF Initiate and Working memory Subscales, the Metacognition Index, and the Global Executive Composite (Fig. 2D) . No correlations were found between connectivity and diagnostic measures. In the TD group, higher SN within-network connectivity was associated with higher scores (reflecting lower abilities) on the BRIEF Inhibit and Shift Subscales (Fig. 2E) as well as the Behavior Regulation Index and Global Executive Composite.
For between-network connectivity, robust correlations that survived FDR correction were seen only in the TD group. Specifically, higher SN-DMN connectivity was associated with greater impairment on the SRS Awareness, Cognition, and Total scores, on SP Low Regulation scores, and on the BRIEF Inhibit, Shift, Working Memory, Planning/Organizing, Monitor subscores, Behavior Regulation Index, Metacognition Index, and Global Executive Composite (Fig. 2F-H ). One TD participant had several very high BRIEF scores (>2 SD from the mean for the TD group), but did not meet any exclusionary criteria (as listed above), with a full-scale IQ of 93. After removing this outlier from correlations with BRIEF scores, all effects described above remained significant, except the one shown in Figure 2E .
Discussion
Functional connectivity research in ASD has been plagued by inconsistent findings, with proposals and reported effects ranging from predominant underconnectivity (Schipul et al. 2011 ) to predominant overconnectivity . Aside from methodological (Nair et al. 2014) or developmental factors, it is not well understood how network-specific patterns may affect differential findings. Our study examined four of the most prominent networks (default mode, salience, left [lECN] and right executive control [rECN]), with two main findings: 1) While limited focus on network nodes yielded moderate evidence of overconnectivity in ASD (especially between DMN and ECNs; Fig. 1 ), whole-brain analyses showed a distinct pattern with representative seeds of DMN (PCC) and right ECN (rIPL) characterized by predominant overconnectivity in ASD across multiple brain regions, but those of the SN (rAI) and left ECN (lIPL) by predominant underconnectivity. 2) Links between network-specific iFC and behavioral indices (sociocommunicative, sensory, executive) differed substantially between ASD and TD groups (i.e., of the 23 correlations that reached FDR-corrected significance, not a single one was shared between the 2 groups; cf. Fig. 2 ).
Overall Pattern of Findings and Implications for Triple-Network Model
Our selection of networks of interest was informed by the triplenetwork hypothesis (Menon 2011) , according to which many psychiatric and neurologic conditions are characterized by disorder-specific patterns of increased or reduced function and connectivity in SN, DMN, and ECNs. The overall pattern observed in our study, showing an underconnected SN accompanied by complex patterns of over-and underconnectivity of DMN and left and right ECNs, was relevant to this hypothesis in several respects. First, it showed that all of the networks implicated by this hypothesis were indeed affected by atypical iFC in the ASD group. Second, it generally supported the expectation of network-specific connectivity aberrations, i.e., underconnectivity for some, but overconnectivity for other network nodes. However, since our study did not include participants with other types of psychiatric or developmental disorders, we could not test the hypothesis of disorder-specific anomalies. Third and more specifically, our findings support an impaired hub function of the SN, which was underconnected internally and with many brain regions outside the network. Such underconnectivity in ASD is likely to affect the SN's typical role of switching between DMN and ECNs, both of which were characterized by atypical iFC with numerous other brain regions. Fourth, although we found that iFC within the SN was correlated with sociocommunicative abilities (SRS Total score) in the ASD group, many other connectivity measures (e.g., iFC between SN and other networks) did not show robust behavioral correlations surviving FDR correction. Specifically in regard to symptom measures derived from parental ratings (such as the SRS), tight correlations with imaging metrics may, however, not be a realistic expectation. Aside from a potentially crucial role of networks such as the SN in ASD, many other factors will affect symptomatology, including history of interventions and other individually variable experiential and environmental factors. In this context, our finding of SN within-network iFC accounting for over 20% of the variability of SRS Total scores was remarkably robust, especially given that the SN and other networks of interest in the present study do not belong to the social cognition domain proper.
Default Mode Network
As a whole, the DMN was overconnected with the right ECN in the ASD group. In TD adults, DMN and task-positive networks, such as the ECNs, are functionally segregated and anticorrelated Carbonell et al. 2014 ). However, robust anticorrelations
are not yet present in children (Fair et al. 2009; Dosenbach et al. 2010) , consistent with our findings (Fig. 1) . Anticorrelations in the TD group were only found between DMN nodes and IPL bilaterally in analyses with stricter motion censoring. Overconnectivity in the ASD group observed for multiple DMN-rECN ROI pairings thus partly reflected reduced anticorrelations (rather than robust positive correlations), indicating a reduction in the typical segregation between networks, consistent with some previous reportspossibly suggesting compensatory or late maturational effects in network segregation.
Whole-brain analyses for the primary DMN seed in PCC showed a distinct pattern, with a large underconnectivity cluster in mPFC, but extensive overconnectivity clusters across multiple occipital, parietal, and frontal regions bilaterally. Underconnectivity between PCC and mPFC (another major node of the DMN) has been observed in previous studies (Kennedy and Courchesne 2008; Monk et al. 2009; Assaf et al. 2010; Murdaugh et al. 2012; Starck et al. 2013; von dem Hagen et al. 2013; Washington et al. 2014; Doyle-Thomas et al. 2015) , being one of the most replicated findings in the ASD iFC literature (although it was not seen in our low-motion subsample, without GSR; Supplementary Fig. 3) . Connectivity within the DMN was not related to sociocommunicative measures. However, greater iFC within this network was associated with "reduced" executive abilities (as detected on several BRIEF scores) in the ASD group-links that were entirely absent in the TD group (Fig. 2D) . This finding may relate to impaired downregulation of DMN during cognitive processing in ASD (Kennedy et al. 2006) . Studies in neurotypical adults have shown an association between greater DMN activity and reduced executive task performance (Anticevic et al. 2010 ) and vigilance (Hinds et al. 2013 ). An analogous association has been found tying strength of anticorrelations between DMN and task-positive network to executive task performance (Kelly et al. 2008) . Reduction of these neurotypical anticorrelations was reflected in our finding of overconnectivity between PCC and bilateral ventral DLPFC in the ASD group (Fig. 1E) . IFC between PCC and DLPFC has been found to be negatively related to task performance relying on selective attention (Prado and Weissman. 2011) , suggesting that this finding may relate to attentional abnormalities in ASD (Allen and Courchesne 2001; Keehn et al. 2013) .
While most previous studies of the DMN in ASD (as cited above) focused on underconnectivity for this network, few have reported overconnectivity outside the DMN (Monk et al. 2009; Lynch et al. 2013; Doyle-Thomas et al. 2015) . The extensive and robust overconnectivity effects observed in our study suggest that reduced differentiation of the DMN and atypical "crosstalk" with exogenous brain regions (Fishman et al. 2014 ) may be the most prominent feature of atypical DMN organization in ASD.
Salience Network
Results for the SN stood out because measures of sociocommunicative impairment and sensory abnormalities were exclusively linked to connectivity within this one network. Greater iFC within the salience network was associated with reduced social impairment on the SRS and fewer sensory anomalies on the SP (Fig. 2B,C) . Interestingly, such correlations were absent in the TD group, indicating ASD-specific links. ROI analyses showed extremely high BOLD correlations among nodes of this network in both groups (Fig. 1A) ; however, at a more conservative motion threshold, iFC between left AI and dorsal ACC was significantly reduced in the ASD group (Fig. 1B) . This finding is consistent with an impaired hub function of the AI, as hypothesized by Menon and colleagues (Uddin and Menon 2009; Menon 2011) , which would reduce the ability of people with ASD to flexibly engage and disengage ECNs and DMN by detecting and filtering affective, interoceptive, and autonomic inputs. Reduced iFC between AI and ACC in ASD may furthermore relate to impaired goal-directed action (Menon 2011) .
Whole-brain analyses for the primary SN seed in right AI furthermore showed extensive underconnectivity in the ASD group with bilateral anterior temporal lobes, which are putative regions of the SN (Seeley et al. 2007 ) and reportedly involved in social cognition (Simmons et al. 2009 ) and regulation of visceral states based on heteromodal sensory input (Olson et al. 2007 ). Additional smaller underconnectivity clusters were detected in medial superior frontal gyri bilaterally. On the left, this cluster occurred in a medial prefrontal region known for its role in social cognition (ToM) (Gallagher et al. 2000) . Reduced activation in this region during ToM tasks has been observed in several ASD studies (Happé et al. 1996; Castelli et al. 2002; Kana et al. 2009) . A metaanalysis of 39 autism fMRI studies by Di Martino et al. (2009) identified rAI as one of the sites of consistently reduced activation during performance on social (compared with nonsocial) tasks in ASD.
Our findings differ from two previous studies. Testing adolescents with ASD, Ebisch et al. (2011) reported only a single effect for a seed in rAI, which was underconnectivity with the right amygdala (not replicated in our study). Conversely, reported overconnectivity within a salience network derived from independent component analysis in children with ASD. However, participants were mostly younger (7.5-11.9 years) and whole-brain connectivity of the SN was not examined in this study. In addition, sample sizes were limited in both and the treatment of head motion was less conservative than in the present study, which likely affected observed group differences (Power et al. 2012; Van Dijk et al. 2012; Satterthwaite et al. 2013 ).
Executive Control Networks
ECNs were overconnected with DMN for multiple ROI pairings, as discussed above. Whole-brain FC patterns for primary ECN seeds in IPL differed greatly between hemispheres. Right IPL was overconnected with several fronto-parietal regions, whereas left IPL was underconnected with right temporal and bilateral cingulate regions. While left hemisphere executive control regions have been implicated in motor attention (Rushworth et al. 2001 ) and verbal decision making (Stephan et al. 2003) , right-hemisphere regions are more active during visuospatial orientation and attention (Kinsbourne 1987; Stephan et al. 2003) and have been shown to engage more than the left executive control regions during difficult goal-oriented planning (Newman et al. 2003) . IFC between left and right ECNs, as a whole, was also increased in the ASD group on low-motion analyses (Fig. 1D) . The asymmetric findings for ECNs may relate to pervasive right-hemisphere shifts of functional networks (including fronto-parietal networks), as recently reported (Cardinale et al. 2013 ).
Age-Related Effects
Although the fcMRI literature encompasses findings from infancy into adulthood, it is not well understood how iFC changes in ASD relate to age. Maturational changes are likely to affect atypical iFC patterns observed in ASD and several cross-sectional fcMRI studies have indeed examined age-related effects Padmanabhan et al. 2013; Bos et al. 2014; Doyle-Thomas et al. 2015; Nomi and Uddin 2015) , although not always with clear-cut findings (Alaerts et al. 2015) . In our study, we found two atypical age-related effects in the ASD group that both concerned lECN. First, iFC with the DMN decreased with age ( Fig. 2A) , suggesting overconnectivity between normally segregated task-positive and task-negative networks in young children, but not adolescents with ASD. This pattern may indicate delayed network segregation (Rudie et al. 2012 ) and is consistent with a general pattern of age-related change from early overconnectivity to normal iFC levels in adulthood (Nomi and Uddin 2015) . The second atypical finding was increasing iFC between lECN and SN with age-a finding not easily compatible with a transition from child overconnectivity to adult underconnectivity in ASD, as proposed by .
Technical Aspects and Limitations
Groups were tightly motion-matched and our censoring cutoff (0.5 mm in the full sample) was relatively strict for a pediatric study. Between-group findings were largely confirmed for a low-motion subsample (censored at 0.25 mm), although with a slight shift towards lower signal correlations. Addition of a global signal regressor did not enhance this shift towards anticorrelations (contrary to theoretical expectation (Murphy et al. 2009 )), presumably because residual global noise inflating signal correlations was already minimized in our low-motion subsample. However, addition of GSR appeared to distort some of the group effects, as previously predicted based on simulated data (Saad et al. 2012 ) and observed in actual ASD data (Gotts et al. 2013) . Since the overall distribution of BOLD correlations will be centered around zero within each group (and participant) with GSR on statistical grounds (rather than as a true reflection of iFC), the distribution of between-group differences will correspondingly be balanced between over-and underconnectivity effects. The distinct pattern of predominantly overconnected (PCC, rIPL) and underconnected (rAI, lIPL) seeds observed in our primary analyses was thus lost in analyses with GSR. However, the cooccurrence of effects with opposite polarity (over vs. underconnectivity) for different networks in the same dataset suggests that this pattern (observed in the absence of GSR) was not an artifact of residual global noise, but a true effect.
Compared with extensive whole-brain findings showing network-specific over-and underconnectivity, results from a connectivity matrix including only 3-4 ROIs from each network were comparably modest (Fig. 1A,C) . This highlights the conclusion from an earlier meta-analysis , which suggested that fcMRI analyses limited to presumptive network ROIs risk missing the "big picture" of connectivity anomalies in ASD.
In contrast to an earlier study (Fishman et al. 2014 ) that found overconnectivity between 2 networks (mirror neuron and ToM) to be linked to diagnostic severity in ASD, we did not observe such correlations for between-network iFC in the present study. Several links of between-network iFC (SN-DMN) with behavioral measures detected in the TD group were absent in the ASD group, but group differences (interaction effects) were significant only for the BRIEF Working Memory measure (Supplementary Table 5 ). Other correlations for between-network iFC and SRS (and other) scores (with r > 0.3) in the ASD group and various interaction effects did not remain significant after FDR correction. Sample size limitations and variability within our ASD cohort may have contributed to these null findings.
Perspectives
Our study goes beyond numerous and often inconsistent reports of underconnectivity or overconnectivity in ASD for single seeds or networks of interest (as reviewed in Müller et al. 2011; Vissers et al. 2012) . Although 4 major functional networks (default, salience, lECN and rECN) all showed atypical connectivity, the precise iFC patterns differed dramatically, within each network, between the networks, and between each network and other brain regions. The significance of these differential patterns of iFC abnormality was underscored by links with sociocommunicative, sensory, and executive behaviors. These links differed substantially between ASD and TD groups, highlighting the potentially crucial role of the salience network in core sociocommunicative domains of autistic symptomatology and sensory anomalies.
Supplementary Material
Supplementary material can be found at: http://www.cercor. oxfordjournals.org/.
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